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ABSTRACT 

Coupling of excitations between organic fluorophores in J-aggregates leads to coherent 

delocalization of excitons across multiple molecules, resulting in materials with high extinction 

coefficients, long-range exciton transport, and, in particular, short radiative lifetimes. Despite 

these favorable optical properties, uses of J-aggregates as high-speed light sources have been 

hindered by their low photoluminescence quantum yields. Here, we take a bottom-up approach 

to design a novel J-aggregate system with a large extinction coefficient, a high quantum yield 

and a short lifetime. To achieve this goal, we first select a J-aggregating cyanine chromophore 

and reduce its nonradiative pathways by rigidifying the backbone of the cyanine dye. The 

resulting conformationally-restrained cyanine dye exhibits strong absorbance at 530 nm and 

fluorescence at 550 nm with 90% quantum yield and 2.3 ns lifetime. We develop optimal 

conditions for the self-assembly of highly emissive J-aggregates. Cryogenic transmission 

electron microscopy (cryo-TEM) and dynamic light scattering (DLS) reveal micron-scale 

extended structures with 2D sheet-like morphology, indicating long-range structural order. 

These novel J-aggregates have a strong red-shifted absorption at 600 nm, resonant fluorescence 
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with no Stokes shift, 50% quantum yield, and 220 ps lifetime at room temperature. We further 

stabilize these aggregates in a glassy sugar matrix and study their excitonic behavior using 

temperature-dependent absorption and fluorescence spectroscopy. These temperature-

dependent studies confirm J-type excitonic coupling and superradiance. Our results have 

implications for the development of a new generation of organic fluorophores that combine 

high speed, high quantum yield and solution processing. 

 

 

KEYWORDS: J-aggregate, superradiance, conformational restraint, high-speed materials, 
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INTRODUCTION 

Decades of research on the fundamental properties of exciton behavior in organic 

molecules and semiconductor quantum dots have resulted in fluorescent materials with strong 

absorption cross sections, tunable Stokes’ shifts, and near unity quantum yields, spanning a 

wide range of the electromagnetic spectrum.1,2 There have been significant developments in 

understanding materials that exhibit aggregation-induced emission, resulting in tunable, robust, 

and highly efficient fluorescence in the solid-state.3,4 These advanced fluorophores have been 

used in a wide range of applications, including in displays, lasing, and deep-tissue biomedical 

imaging.1,2,5 Despite their favorable optical properties, application of these materials as high-

speed light sources have been hindered by their intrinsically long lifetimes, typically above 1 

ns.6 Many applications, including high-speed free space optical communication, lifetime-

resolved biomedical imaging and quantum communication, require materials that exhibit 

strong absorption cross sections, high quantum yields, and short radiative lifetimes (<1 ns). 

https://paperpile.com/c/ubKj2n/oCRYz+vr4j9
https://paperpile.com/c/ubKj2n/bEMb+7K75
https://paperpile.com/c/ubKj2n/oCRYz+vr4j9
https://paperpile.com/c/ubKj2n/tPT8z
https://paperpile.com/c/ubKj2n/0fJmL
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The radiative rate of organic molecules, quantum dots, and semiconductor quantum wells can 

be enhanced by changing their local fields using plasmonic nanostructures.7–9 However, a 

concomitant increase in non-radiative losses limits their overall quantum efficiency.10 In 

addition, directional emission and a strong dependence of the enhancement on emitter-

nanoparticle separation complicate integration of such materials into waveguides and devices. 

An alternative avenue for high-speed fluorescent materials is through the superradiance 

phenomenon, which is observed in diatomic arrays,11 quantum dots assemblies12 and molecular 

J-aggregates.13 Coherent coupling of excitations leads to the delocalization of excitons over 

several emitters and collective fluorescence. For J-aggregates, enhancement factors or 

coherence lengths of up to 200 monomers have been observed at low temperatures.14,15 As the 

temperature increases, the coherence length decreases due to increased homogeneous disorder. 

Nevertheless, J-aggregates are still one of the fastest fluorophores known, with observed 

lifetimes as low as 100 ps at room temperature in solution. In addition to fast radiative rates, J-

aggregates have strong absorption, narrow photoluminescence linewidth, and efficient long-

range exciton transport. Recently, micron length exciton transport was reported for the double-

walled nanotubular J-aggregates of C8S3 through exciton-exciton annihilation experiments.16 

Strong absorption, narrow photoluminescence, and short lifetimes make J-aggregates excellent 

fluorophores for fast optoelectronic applications.  

Despite the favorable properties of J-aggregates, their use as high-speed light sources 

has been limited due to their low photoluminescence quantum yields (QYs) at room 

temperature. For instance, J-Aggregates of C8S3 have only a 15% QY,17 J-Aggregates of 

TDBC have a 26% QY,18 and the first discovered and most widely studied J-aggregates of 

pseudoisocyanine chloride have a 28% QY at room temperature.19 Many J-Aggregates emitting 

in the visible and NIR have QYs below 10%.20–22 The low QY of J-Aggregates has been 

attributed to large homogenous and inhomogenous disorder,14,23 charge-transfer states,14 

https://paperpile.com/c/ubKj2n/PzJof+xkcRk+Q7WdK
https://paperpile.com/c/ubKj2n/zDfyn
https://paperpile.com/c/ubKj2n/oZheE
https://paperpile.com/c/ubKj2n/gBFzX
https://paperpile.com/c/ubKj2n/84COu
https://paperpile.com/c/ubKj2n/8EgY+tOkVO
https://paperpile.com/c/ubKj2n/0ofRw
https://paperpile.com/c/ubKj2n/jpIKk
https://paperpile.com/c/ubKj2n/XsDjN
https://paperpile.com/c/ubKj2n/OMibk
https://paperpile.com/c/ubKj2n/zgNWr+EKXd1+wH9sb
https://paperpile.com/c/ubKj2n/8EgY+ZfiQR
https://paperpile.com/c/ubKj2n/8EgY
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vibronic coupling and self-trapped excitons.24–26 The type of nonradiative pathways dominant 

in a J-aggregate is different for different classes of chromophores. In order to develop J-

aggregates with high QYs, nanoscale engineering strategies should be tailored for a given class 

of J-aggregates. For instance, disorder and charge-transfer states dominate nonradiative 

processes in J-aggregates of some perylene bisimide chromophores. It was shown that reducing 

disorder and suppressing the formation of charge-transfer states lead to 100% QY in high 

quality 2D monolayers of J-aggregates.14 However, high temperature fabrication protocols 

used in this work is not suitable for most J-aggregates, including widely studied J-aggregates 

of cyanine dyes. Another strategy to improve the fluorescence quantum efficiency of J-

aggregates is to influence their molecular packing and morphology using small molecules and 

surfactants.18,20,27 Recently, Anantharaman et al. reported the use of alkylamines, specifically 

ethylamine and hexylamine, to increase the QY of TDBC J-aggregates to 60%.27 Hexylamine 

and water form bicontinuous phase microemulsion, where J-aggregates are stabilized at the 

interphase of nanoscale-sized water and hexylamine domains, restricting the size of J-

aggregates and reducing exciton quenching at lattice defects. More precise control of molecular 

packing, morphology, and solvent nanostructure at the nanoscale is needed to extend this 

approach to other J-aggregate systems.   

Cyanine dyes represent a major class of tunable chromophores which cover  the visible, 

NIR and short-wave infrared (SWIR) regions of the electromagnetic spectrum.28,29 The 

fluorescence quantum efficiency of most cyanine dyes suffers from excited-state C-C rotational 

deactivations, which occur at picosecond timescales.30,31 Even though the coupling of 

excitations to vibrational motions is significantly reduced as molecules pack into J-aggregate 

lattices, static and dynamic disorder limit the magnitude of this effect, leading to low QYs in 

J-aggregates. In this work, we take a bottom-up approach to develop highly emissive J-

aggregates. We first reduce nonradiative pathways in a J-aggregating cyanine dye by 

https://paperpile.com/c/ubKj2n/U0tEF+SMnj3+OcKrn
https://paperpile.com/c/ubKj2n/8EgY
https://paperpile.com/c/ubKj2n/XsDjN+zgNWr
https://paperpile.com/c/ubKj2n/BOT0q
https://paperpile.com/c/ubKj2n/BOT0q
https://paperpile.com/c/ubKj2n/Lk2jw+2N4z
https://paperpile.com/c/ubKj2n/bUk4C+Z9Pwq
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rigidifying its backbone using a six-membered fused ring system. Next, we develop optimal 

conditions that lead to the self-assembly of highly emissive J-aggregates. Rigidifying the 

backbone of cyanine dyes through conformational restraint around the polymethine backbone 

is well-established in the context of fluorescent tags for biological imaging.32,33,28 However, 

such dyes have traditionally been functionalized with bulky groups, which prevents the 

formation of any kind of aggregate. Cyanine conformational restraint applied to the 

development of highly emissive J-aggregates has not been explored. In addition, J-aggregates 

were historically used for their strong absorption and transport properties in silver halide 

photography.34–36 In their application in photography, it was beneficial to have J-aggregates 

with low quantum yields since photon emission would reduce photographic contrast. There has 

been an exploration of rigidified dyes as spectral sensitizers, but, to our knowledge, not to the 

development of highly emissive J-aggregates.37 

 

Figure 1. Overview of the study. (A) We investigate the optical properties of J-aggregates of a novel 

cyanine dye with a rigidified backbone (right). This is in contrast to most widely studied J-aggregating 

dyes with flexible backbones (left). (B) After the synthesis of the dye, we explore conditions which lead 

to J-aggregates with excellent fluorescence properties. Black arrows represent transition dipole 

moments of molecules. 

 

https://paperpile.com/c/ubKj2n/zEabQ+0QLhx
https://paperpile.com/c/ubKj2n/Lk2jw
https://paperpile.com/c/ubKj2n/YwOvL+yD4OY+uCh8Z
https://paperpile.com/c/ubKj2n/ZqBHJ
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We designed and synthesized a novel cyanine dye with a chromophore that was 

expected to form J-aggregates (Fig. 1A, right). The dye includes a six-membered fused rings 

system around its trimethine backbone to reduce nonradiative relaxation pathways and increase 

its QY. We chose a small, charged alkylsulfonate side group to allow aggregation of the dye in 

water-methanol mixtures. After the synthesis of the dye, we studied its aggregation behavior 

(Fig. 1B). We find that the rigidified dye Cy3UB has 90% QY in methanol with a lifetime of τ 

= 2.3 ns. When water is added to the methanol solution of the dye, an equilibrium is established 

between the solvated monomers and the J-aggregates. Using cryogenic transmission electron 

microscopy (cryo-TEM) and dynamic light scattering (DLS) experiments, we characterized the 

size and morphology of the aggregates. We observed micron-scale extended structures with a 

2D sheet-like morphology, indicating long-range structural order. We find that J-aggregates of 

Cy3UB have a strong absorption at 600 nm, resonant fluorescence with no Stokes shift, 50% 

quantum yield, and 220 ps lifetime at room temperature. We further stabilized J-aggregates in 

a glassy sugar matrix and studied their excitonic behavior using temperature-dependent 

absorption and emission spectroscopy. The temperature-dependent studies confirm J-type 

excitonic coupling between constituent molecules, which is necessary to obtain strongly 

fluorescent materials in condensed phases. Our results have major implications for the 

development of highly emissive J-aggregates using bottom-up nanoscale engineering. 

 

 

METHODS 

Synthesis of Cy3UB. Detailed description of the synthetic protocols and thorough 

characterization of the intermediates is provided in the SI. 

Preparation of Cy3UB J-Aggregates. The alcoholic route was used for the assembly 

of the novel Cy3UB J-Aggregates.  Briefly, highly purified Cy3UB dye was added to methanol 
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(>99.9%, VWR, EM-MX0488-1), sonicated, and gently heated to prepare 5.2 mM stock 

solution. Under a nitrogen atmosphere inside a glove bag, 40 μL of the Cy3UB stock solution 

was added to a vial that was pre-soaked in water overnight. Subsequently, 400 μL of ultrapure 

water (Miili-Q, 18 MΩ·cm, Thermo Fisher Scientific) was added to the vial and gently shaken 

to ensure a homogenous solution. An immediate color change from orange to purple was 

observed, indicating the formation of J-aggregates. The sample was wrapped with aluminum 

foil and stored in the dark for 4-7 days to yield highly emissive J-aggregates. 

Cryo-TEM. To prepare J-aggregate samples for cryo-imaging, 200 mesh copper grids 

with quantifoil holey carbon support films (Quantifoil R, 3.5/1, EMSDIASUM, Q225CR-35) 

were hydrophilized by glow discharging in an EMITech K100X for 60 seconds at 20 mA. 3 

μL of the J-aggregate solution was applied onto grids. Excess solution was removed from the 

grids by blotting the sample using Vitrobot Mark IV (Thermo Fisher Scientific). The sample 

was then immediately plunged into liquid ethane to flash freeze and stabilize the J-aggregates 

in aqueous solution at approximately -1750C. The grids were transferred under liquid nitrogen 

(LN2) into the LN2-cooled autoloader and the sample stage of a Talos Arctica G2 cryoTEM 

(Thermo Fisher Scientific) for imaging under minimal dose, which was essential to prevent J-

aggregate degradation under the electron beam. The microscope was operated at 200 kV and a 

magnification in the range of 10,000X – 60,000X. To enhance contrast, images were collected 

with -10 μm underfocus. All images were recorded using a Falcon 3EC direct electron detector 

(Thermo Fisher Scientific) operated in linear mode. 

Quantum Yield Measurement. Quantum yields of Cy3UB monomer and the J-

aggregate were obtained using the relative method as previously described.38,39 Rhodamine 6G 

with 93% QY in methanol was used as a standard. Briefly, a series of different concentrations 

of rhodamine 6G was prepared by dissolving the dye in methanol and diluting it to an 

appropriate extent. Different concentrations of J-aggregates were prepared by gently diluting 

https://paperpile.com/c/ubKj2n/p9TQX+cG6Kh
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the J-aggregate stock solution with water and allowing them to equilibrate for 30 mins. To 

obtain the QY of Cy3UB monomer in methanol, all measurements were taken using 1 cm 

quartz cuvettes. To obtain the QY of Cy3UB J-aggregates, all measurements for rhodamine 6G 

and J-aggregate solutions were collected using 0.1 mm and 0.01 mm quartz cuvettes (Starna), 

respectively. Fluorescence spectra were collected by exciting rhodamine 6G, Cy3UB 

monomer, and J-aggregate samples at 500 nm, 500 nm, and 570 nm, respectively. Absorption 

spectra, emission spectra, and calibration plots for the quantum yield measurements are 

provided in the SI. 

Absorption and Emission Spectroscopy. Absorption spectra were collected on a Cary 

5000 Spectrometer (Agilent). Fluorescence spectra were collected on a FluoroMax fluorometer 

(Horiba Scientific). In order to carry out temperature-dependent absorption and emission 

studies, J-aggregates were first stabilized in a glassy sugar matrix following a previously 

described method.16,17 3 mL milli-Q water was added to the mixture of 2 g sucrose (Sigma) and 

2 g trehalose (Sigma), and mixed vigorously to obtain a saturated sugar solution. 100 μL the 

sugar solution was slowly added to 100 μL of the J-Aggregate stock solution, and mixed gently 

to obtain a homogenous solution. 50 μL of the resulting J-aggregate sugar solution was 

deposited onto a 0.1 mm demountable quartz cuvette and dried under 0.5 atm vacuum for a 

day. To carry out temperature-dependent studies, dried J-aggregate sugar samples were put in 

a cold finger cryostat (Janis Research Co., ST-100) and evacuated using a Varian pump (Varian 

9698222) for 4 hours. The sample was cooled down under a constant flow of liquid nitrogen. 

The temperature was adjusted using a LakeShore 330 Autotuning temperature controller. All 

of the temperature-dependent absorption measurements were performed on a Cary 5000 

Spectrophotometer (Agilent) and all of the temperature-dependent fluorescence measurements 

were collected on a home-built PL setup. 

https://paperpile.com/c/ubKj2n/0ofRw+jpIKk
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Time-Resolved Photoluminescence Spectroscopy. Samples were excited with the 

404 nm doubled output of a Ti:Sapph oscillator (78 MHz, Coherent Mira 900-F) focused 

through a lens (f = 20 cm). Excitation powers were measured on a photodiode power meter 

(Thorlabs S121C). Emission was collected with a pair of 2 in. parabolic mirrors and focused 

into a spectrometer (Bruker 250IS) with a 300 groove/mm grating. The spectrally dispersed 

output from the spectrometer was then directed into a streak camera (Hamamatsu C5680) with 

an attached syncroscan sweep unit (Hamamatsu M5675). Streak images were collected with 

100 ms integration time and 100 integrations. Image analysis and emission decay trace fitting 

were performed using a homebuilt Matlab library. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization of the Rigidified Dye Cy3UB. The structure of the dye 

studied in this paper is given in Fig. 1A (right). Inspired by the naming convention of the 

analogous rigidified cyanine dyes, we named this novel molecule Cy3UB. A synthetic route 

(Scheme 1) was developed based on the available literature on similar reactions.33,40,41,42 

 

Scheme 1. Four-step synthetic route to Cy3UB 

 

https://paperpile.com/c/ubKj2n/oah6E+hnQ0w+0QLhx
https://paperpile.com/c/ubKj2n/kFyWP
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Briefly, 5,6-dichloro-2-methyl-benzimidazole was treated with bromoethyl-1,3-dioxolane in 

the presence of KOH to yield 1-(2-(1,3-dioxolan-2-yl)ethyl)-5,6-dichloro-1-methyl-

benzimidazole (Compound A). In the next step, compound A was reacted with propane sultone 

to afford sulfopropyl-substituted intermediate compound B. Condensation of two equivalents 

of compound B with iodoform resulted in the highly colored dye C. In the final step, compound 

C was treated with sulfuric acid to hydrolyze the acetal groups and form six-membered rings 

around the polymethine backbone to yield the Cy3UB dye. Due to concerns with 

photooxidative damage to dyes, compound C and Cy3UB were handled carefully to minimize 

exposure to light (see Supporting Information). 1H NMR of Cy3UB in deuterated methanol 

(Fig. 2A) confirms the proposed structure. Detailed description of the synthetic protocols and 

thorough characterization of the intermediates is given in the SI.  
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Figure 2. Characterization of the cyanine dye Cy3UB. (A) 1H NMR spectroscopy confirms the structure 

of Cy3UB. (B) DFT calculations indicate that the geometry of the chromophore is planar with a small 

angle between the two heterocyclic aromatic groups. (C) Absorption and emission spectra of the dye 

solvated in methanol. (D) Time-resolved photoluminescence spectrum (blue curve) with a 

monoexponential fit (red line, τ = 2.3 ns). (E) PL image of the dye solvated in methanol under UV 

irradiation. The quantum yield in methanol is 90%. 

 

 Geometry of Cy3UB was optimized at the RHF/def-SVP level of theory43 using the 

ORCA program (version 4.2.1). DFT calculations indicate that the geometry of Cy3UB is 

essentially planar with a small angle between the two heterocyclic aromatic groups (Fig. 2B). 

Absorption and emission spectra of the dye dissolved methanol is given in Fig. 2C. 

Incorporation of six-membered rings around the polymethine backbone reduces the vibrational 

degrees of freedom in the molecule, leading to narrow absorption and emission envelopes. 

Additionally, rigidification of the dye leads to an improved quantum efficiency and extended 

lifetime. We find that the rigidified dye has 90% QY in methanol, which is in stark contrast to 

the low QYs observed in open-chain analogues such as the 3% QY in TDBC (see SI). The 

time-resolved PL decay of Cy3UB was fitted using a monoexponential with a 2.3 ns lifetime 

(Fig. 2D), which is an order of magnitude longer than the observed lifetimes of low QY 

unrigidized open-chain counterparts. The PL image of the dye under UV excitation is shown 

in Fig. 2E. These findings are consistent with the fact that nonradiative relaxation pathways in 

cyanine dyes are associated with C-C rotations within the polymethine backbone. Recently, a 

previously unobserved optically-dark charge-transfer state was observed along the 

photoisomerization pathway of Cy3 molecule using transient gratings spectroscopy.31 

Formation of the dark state occurs within 1 ps of photoexcitation through coupling to 

vibrational modes, which persist for 1.5 ps after photoexcitation. Rigidification of the 

polymethine backbone through conformational restraint leads to significantly reduced C-C 

https://paperpile.com/c/ubKj2n/JAtVj
https://paperpile.com/c/ubKj2n/Z9Pwq
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rotational deactivations, making the radiative process the dominant relaxation pathways for 

excitons.  

 

Figure 3. Characterization of J-aggregates of Cy3UB. (A) Addition of milli-Q water to the methanol 

solution of Cy3UB (left) leads to the formation of J-aggregates (right) accompanied by a strong color 

change. (B) Steady-state absorption spectroscopy reveals the formation of an intense, narrow, and red-

shifted absorption peak, consistent with the formation of J-aggregates. (C) Solvent composition strongly 

dictates the fraction of J-aggregates formed. Here, we fix the concentration of the dye at 0.49 mM while 

varying the water-to-methanol ratio. Below 30% water fraction, only the monomer peak is observed. 

As the percentage of water is increased, the equilibrium shifts towards the J-aggregates. (D) A cryo-

TEM micrograph reveals the micron-scale 2D sheet-like morphology of the J-aggregate. The scale bar 

is 500 nm. (E) The absorption and emission spectra of Cy3UB J-aggregates, showing a negligible 

Stoke’s shift. 

Characterization of J-aggregates of Cy3UB in Water-Methanol Mixtures. 

Motivated by the optical properties of the rigidized dye, we next investigated whether this dye 
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forms highly emissive J-aggregates with short lifetimes. Addition of water to the methanol 

solution of the dye (Fig. 3A, left) results in a strongly purple colored J-aggregate solution (Fig. 

3A, right). Steady-state absorption spectroscopy reveals the formation of an intense, narrow 

and red-shifted absorption peak compared to the solvated monomer in methanol (Fig. 3B). The 

absorption peak redshifts from 18,797 cm-1 (532 nm) to 16,667 cm-1 (600 nm), whereas the 

full-width at half maximum (FWHM) of the absorption peak is reduced from 960 cm-1 (27 nm) 

to 280 cm-1 (10 nm). These spectral changes are characteristics of I- or J-aggregate formation, 

where a redshift and a reduced FWHM arise due to transition dipole moment coupling and 

motional narrowing, respectively.22,23,44,45 In addition to a red-shifted I-state, I-aggregates have 

dark states below the bright state, leading to the quenching of the exciton fluorescence.22,45 

Therefore, it is necessary to favor J-type excitonic coupling to get fluorescent aggregates. In 

the next section, we perform temperature dependent absorption and emission spectroscopy to 

confirm J-type excitonic coupling in Cy3UB aggregates. 

We explored the solvent-composition-dependent equilibrium between the Cy3UB 

monomers and the J-aggregates. The alcoholic route46,47,48 used here for the self-assembly of 

J-aggregates allows convenient control of the water-to-methanol ratio, which was tuned from 

0% to 100%. Selected absorption spectra for different solvent compositions are shown in Fig. 

3C. Below a water concentration of 30%, only monomer peaks are observed. As the percentage 

of water is increased, a surge in J-aggregate intensity along with a concomitant decrease in 

monomer intensity is observed. Throughout the explored phase diagram, no H-aggregate 

feature, characterized by blue-shifted absorption peaks,44,49,50 was detected. This is in contrast 

to the equilibrium of many other J-aggregating dyes such as pseudoisocyanine chloride in 

water,35,51–53 where monomers, H-aggregates, and J-aggregates are all present simultaneously 

at high concentrations. We hypothesize that H-aggregates of Cy3UB are not observed due to 

hindered cofacial stacking resulting from the presence of four halogen atoms at the vertices of 

https://paperpile.com/c/ubKj2n/GTPlQ+ZfiQR+S9BYe+wH9sb
https://paperpile.com/c/ubKj2n/S9BYe+wH9sb
https://paperpile.com/c/ubKj2n/62E49+b3fzR
https://paperpile.com/c/ubKj2n/9tCE9
https://paperpile.com/c/ubKj2n/GTPlQ+9dZKk+7GajW
https://paperpile.com/c/ubKj2n/qUOZk+D8lWA+I42vK+yD4OY
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Cy3UB. Cryogenic transmission electron microscopy (cryo-TEM) of vitrified samples in water 

reveal the two-dimensional sheet-like morphology of the aggregates with long-range structural 

order spanning several microns. The 1.9 µm average size obtained by sampling a larger number 

of aggregates using dynamic light scattering (DLS) measurements was consistent with the 

results of the cryo-TEM experiment. Thermodynamics of self-assembly and thorough 

morphological characterization of a few other molecular aggregates spanning visible and near-

infrared were reported recently.54 

Absorption and emission spectra of the Cy3UB J-aggregates are shown in Fig. 3E. The 

timescale at which excitons coherently delocalize along the aggregate is much faster compared 

to the timescale of nuclear rearrangements. Therefore, coupling of exciton states to the 

environment is significantly reduced in the aggregate compared to that in a solvated molecule. 

This leads to a resonant fluorescence and a negligible Stoke’s shift in molecular J-

aggregates.25,55 Due to the latter property, highly concentrated solutions of J-aggregates suffer 

from detrimental self-reabsorption losses, which can be overcome using hybrid molecular 

aggregate architectures with the introduction of artificial Stoke’s shift. The extent of exciton 

delocalization is limited by static and dynamic disorder. As a result, we observe a small 

vibronic progression in the emission spectrum. Using experimental data, we obtain an exciton 

delocalization length (Nc) ~ 17 monomers at room temperature. To quantify the efficiency of 

fluorescence, we used the relative method as previously described.38,39 We prepared J-

aggregate and Rhodamine 6G samples at different concentrations, and measured their 

absorbance and emission spectra. Calibration plots (Fig. 4A) were generated and used to 

calculate 50% QY for the J-aggregates. Since the monomer has a near unity quantum yield, we 

attribute competing nonradiative rates to imperfections specific to the J-aggregate lattice, such 

as trace impurity quenchers, charge transfer states, and faulty stacking. Fig. 4B shows the PL 

image of the J-aggregate under UV excitation. We observed a strong dependence of the PL QY 

https://paperpile.com/c/ubKj2n/lohk2
https://paperpile.com/c/ubKj2n/SMnj3+UGcA8
https://paperpile.com/c/ubKj2n/p9TQX+cG6Kh
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on the purity of the dye. In order to get highly emissive J-aggregates, it was essential to use 

extensively purified dye. This is consistent with the findings that extended structural order and 

strong excitonic coupling between molecules lead to long range exciton transport in J-

aggregates.15,16,56,57 Excitations formed in these systems can migrate long distances to find low 

energy traps or quenchers,  resulting in a strong dependence of PL QY on any impurities in the 

system.  

 

Figure 4. Strong Fluorescence from the Cy3UB J-Aggregates. (A) Plot of integrated emission as a 

function of absorptance for rhodamine 6G (cyan) and Cy3UB J-aggregates (orange). The QY of the 

Cy3UB J-aggregates was found to be 50%. (B) The PL image of the J-aggregates under UV light. (C) 

Streak camera image showing the time evolution of J-aggregate fluorescence. (D) Time-resolved 

photoluminescence of Cy3UB J-aggregates (blue) with a monoexponential fit (τ = 220 ps, red). 

Coherent excitonic interactions give rise to increased radiative rates, leading to very 

short emission lifetimes.13,14,34 To confirm the superradiance in J-aggregates of Cy3UB, we 

measured their lifetime using time-resolved photoluminescence (TRPL) spectroscopy. Figure 

4C shows the time evolution of the J-aggregate photoluminescence. Figure 4D shows the 

https://paperpile.com/c/ubKj2n/0ofRw+tOkVO
https://paperpile.com/c/ubKj2n/V1Q9B
https://paperpile.com/c/ubKj2n/jZjtI
https://paperpile.com/c/ubKj2n/YwOvL+84COu+8EgY


16 

integrated TRPL decay curve, which was fit using a monoexponential function with a lifetime 

of τ = 220 ps. So, upon formation of J-aggregates, the radiative rate of excitons increased 5.7 

fold from 4.0 ⋅ 108𝑠−1 (in methanol) to 2.3 ⋅ 109𝑠−1 (in water). For J-aggregates with such a 

short lifetime, a 50% QY in solution is among the highest reported in the literature. Comparison 

of the QY of the monomer in methanol (90%) and the J-aggregate (50%) highlights 

fundamental properties of exciton decay channels in J-aggregates. In addition to nonradiative 

pathways inherent to the solvated molecule, J-aggregates also host nonradiative pathways that 

are idiosyncratic to their lattice. In order to design J-aggregates with unity QY, it is essential 

to overcome nonradiative pathways inherent to both the single chromophore and the J-

aggregate. For example, it has been shown that nonradiative pathways in J-aggregates can be 

reduced by influencing their molecular packing and morphology using small molecules and 

surfactants.18,20,27   

 The fluorescence properties of Cy3UB J-aggregates reported here inspire the use of J-

aggregates as high-speed light sources in emerging applications such as quantum computing, 

high color-purity displays and ultrafast optical communications.14,29,58 In particular, ultrafast 

free-space optical-communication has the potential to transform the wireless infrastructure and 

enable more widespread and equitable internet access. Currently, a significant fraction of the 

world’s population does not have access to the internet despite its vital role in accessing 

education, health-related information, and the broader job market. Free-space optical 

communication technologies are being explored to address this issue and provide internet 

services to underserved regions, where building wireless infrastructure is not financially 

viable.59 Optical carriers enable multiple orders of magnitude higher speeds compared to the 

radio-frequencies used commonly in modern telecommunications. However, optical carriers 

must be efficiently captured and directed onto a fast photodetector for read-out. Recently, 

Facebook demonstrated an omnidirectional luminescent detector, which efficiently captured 

https://paperpile.com/c/ubKj2n/XsDjN+zgNWr
https://paperpile.com/c/ubKj2n/BOT0q
https://paperpile.com/c/ubKj2n/2N4z+8EgY+Ma9m
https://paperpile.com/c/ubKj2n/K2TXf
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and directed the incoming light onto a fast silicon APD, increasing the active area of the 

photodetector by more than an order of magnitude.60 Using orthogonal frequency-division 

multiplexing, they achieved 2 Gbps data transfer rate, which was limited by the long 1.8 ns 

lifetime of the organic fluorophore. This work demonstrated the potential of luminescent 

detectors in high-speed optical communications while emphasizing the need for high-speed 

fluorescent materials. 

 

Temperature-Dependent Spectroscopy of the Cy3UB J-Aggregates. J-type excitonic 

coupling is essential to develop highly emissive, short fluorescence lifetime materials in 

condensed phases. 2D molecular aggregates can host H-, I-, and J-type excitonic coupling 

between their constituent molecules.22,44,45,50 In both H- and I-type excitonic coupling, 

fluorescence is almost completely quenched, whereas J-type excitonic coupling leads to a 

radiative rate enhancement and an increased QY.29 Therefore, it is necessary to tune the 

structures of the monomers to favor the formation of highly emissive J-aggregates over I- or 

H-aggregates. While identifying H-aggregates is straightforward using steady-state absorption 

spectroscopy, I- and J-aggregates both have red-shifted spectra, making them difficult to 

distinguish. To further study excitonic coupling and superradiance in Cy3UB aggregates, we 

performed temperature-dependent absorption and emission spectroscopy, which can aid in 

distinguishing between I- and J-aggregates. We first stabilized the Cy3UB aggregates in a 

glassy sugar matrix consisting of 50% sucrose and 50% trehalose by weight. At room 

temperature, the absorption spectrum of Cy3UB aggregates in the sugar matrix is centered at 

16,667 cm-1 (600 nm) with a full-width-at-half-maximum (FWHM) of 375 cm-1 (13.5 nm). As 

the temperature is reduced, the absorption spectrum blue-shifts, narrows and becomes more 

intense as shown in Fig.5A-C. At 79K, the absorption spectrum is centered at 16,795 cm-1 

(595.4 nm) with a FWHM of 328 cm-1 (11.6 nm). The fluorescence spectrum of the Cy3UB 

https://paperpile.com/c/ubKj2n/y1D2Q
https://paperpile.com/c/ubKj2n/GTPlQ+S9BYe+wH9sb+7GajW
https://paperpile.com/c/ubKj2n/2N4z
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aggregates shows a similar behavior (Fig. 5D-F). At room-temperature, the fluorescence 

spectrum spectrum of Cy3UB aggregates in the sugar matrix is centered at 16,611 cm-1 (602 

nm) with a FWHM of 275 cm-1. As the temperature is decreased, the fluorescence spectrum 

shifts to lower wavelengths, narrows, and becomes more intense. At 79K, we observed strong 

fluorescence centered at 16756 cm-1 (596.8 nm) with a FWHM of 128 cm-1 (4.6 nm).  

 

Figure 5. Temperature-Dependent Absorption Spectra of Cy3UB J-Aggregates. (A) Absorption spectra 

of J-aggregates at different temperatures. (B) Absorption peaks of J-aggregates at different 

temperatures. (C) Absorption FWHM at different temperatures. (D) Fluorescence spectra of J-

aggregates at different temperatures. (E) Fluorescence peaks of J-aggregates at different temperatures. 

(F) Fluorescence FWHM at different temperatures. 

This type of absorption and emission behavior suggests J-type excitonic coupling, 

which results in temperature dependent linewidths.22,50 There are homogenous and 

inhomogenous contributions to the linewidth, where the former contribution arises due to the 

exciton’s interaction with the environment at timescales faster than the lifetime of the exciton.  

https://paperpile.com/c/ubKj2n/7GajW+wH9sb
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The inhomogeneous linewidth arises due to static energetic fluctuations across different 

molecular sites in the aggregate lattice and is temperature independent. The homogenous 

contribution can be expressed as the sum of (1) stimulated absorption/emission of phonons and 

(2) spontaneous emission of phonons and relaxation to the band edge.22  The stimulated 

absorption/emission of phonons depends on the thermal occupation of phonons, and therefore, 

it is temperature dependent. In contrast, the spontaneous emission of phonons and relaxation 

to the band edge depends on the available density of states below the band edge, and is 

temperature independent. In J-aggregates, the lowest lying state is the optically bright state, 

and the linewidth shows strong temperature dependence due to the contribution (1). On the 

other hand, lower lying dark states below the I-band in I-aggregates can lead to the dominance 

of the contribution (2), which is temperature independent. Our temperature-dependent 

measurements support the formation of J-type excitonic coupling in Cy3UB aggregates. We 

speculate that the presence of four peripheral halogen atoms hinders the stacking of Cy3UB 

molecules, inducing a substantial shift between adjacent dyes in the aggregate lattice and 

leading to J-type excitonic coupling. This is consistent with the findings of Deshmukh et al., 

which shows that the nature of excitonic coupling in 2D molecular aggregates can be controlled 

by steric substituents.22 

 

CONCLUSION 

 In conclusion, we have presented a novel bottom-up approach to develop highly 

emissive 2D molecular J-aggregates. We synthesized a J-aggregating cyanine dye with a 

conformationally restrained polymethine backbone. Due to the restriction of nonradiative C-C 

rotations within the polymethine backbone, the rigidized dye Cy3UB exhibits improved QY 

and longer lifetime compared to its unrigidized counterparts. Self-assembly of Cy3UB in a 

water-methanol mixture leads to extended J-aggregates with 2D sheet-like structures spanning 

https://paperpile.com/c/ubKj2n/wH9sb
https://paperpile.com/c/ubKj2n/wH9sb
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several microns in both dimensions. These J-aggregates have a strong absorption at 600 nm, a 

50% quantum yield, and a 220 ps lifetime at room temperature. Temperature-dependent 

absorption and fluorescence spectroscopy confirms J-type excitonic coupling between the 

constituent molecules in the J-aggregate. These results support our hypothesis that reducing 

nonradiative processes in the monomer leads to J-aggregates with higher quantum yields. 

Moreover, comparison of the QY of the monomer and the J-aggregate highlights fundamental 

properties of nonradiative pathways in J-aggregates. In addition to nonradiative channels 

inherent to the solvated molecule, J-aggregates host new nonradiative pathways that are 

idiosyncratic to their lattice.  

Our J-aggregates can be used as a model system to study exciton decay channels in 

molecular aggregates and potential ways to mitigate nonradiative losses. In addition, J-

aggregates of Cy3UB can fill the need for high-speed light sources for information transmission 

applications. Finally, our approach can be utilized to develop the next generation of highly 

emissive J-aggregates with strong absorption cross sections, high QY, and short lifetimes. An 

immediate research avenue could be the exploration of J-aggregates of rigidized analogs of 

other commonly studied J-aggregating cyanine dyes. We believe that the method described 

here may produce new types of J-aggregates with unique optoelectronic properties.  
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